A passive twist control is proposed as an adaptive way to maximize the overall efficiency of the small-scale rotor blade for multifunctional aircrafts. Incorporated into a database of airfoil characteristics, Blade Element Momentum Theory is implemented to obtain the blade optimum twist rates for hover and forward flight. In order to realize the required torsion of blade between hover and forward flight, glass/epoxy laminate blade is proposed based on Centrifugal Force Induced Twist concept. Tip mass is used to improve the nosedown torsion and the stabilization of rotating flexible blade. The laminate blades are tested in hover and forward flight modes, with deformations measured by Laser Displacement Sensor. Two Laser Displacement Sensors are driven by the tracking systems to scan the rotating blade from root to tip. The distance from blade surface to a reference plane can be recorded section by section. Then, a polynomial surface fitting is applied to reconstruct the shape of rotating blade, including the analysis of measurement precision based on the Kline-McClintock method. The results from deformation testings show that nose-down torsion is generated in each flight mode. The data from a Fluid Structure Interaction model agrees well with experimental results at an acceptable level in terms of the trend predictions.
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A passive twist control is proposed as an adaptive way to maximize the overall efficiency of the small-scale rotor blade for multifunctional aircrafts. Incorporated into a database of airfoil characteristics, Blade Element Momentum Theory is implemented to obtain the blade optimum twist rates for hover and forward flight. In order to realize the required torsion of blade between hover and forward flight, glass/epoxy laminate blade is proposed based on Centrifugal Force Induced Twist concept. Tip mass is used to improve the nosedown torsion and the stabilization of rotating flexible blade. The laminate blades are tested in hover and forward flight modes, with deformations measured by Laser Displacement Sensor. Two Laser Displacement Sensors are driven by the tracking systems to scan the rotating blade from root to tip. The distance from blade surface to a reference plane can be recorded section by section. Then, a polynomial surface fitting is applied to reconstruct the shape of rotating blade, including the analysis of measurement precision based on the Kline-McClintock method. The results from deformation testings show that nose-down torsion is generated in each flight mode. The data from a Fluid Structure Interaction model agrees well with experimental results at an acceptable level in terms of the trend predictions.
Introduction
Multifunctional aircrafts can fly in hover like a helicopter and forward flight like an airplane. Designing a rotor to operate efficiently in hover and forward flight presents a challenge since the inflow velocity and thrust requirement for each flight condition are quite distinct. In hover, the inflow velocity is small and the rotor must provide high thrust to support the aircraft weight. By contrast, in forward flight, the inflow velocity is relatively large and the low thrust must only overcome the drag. The large difference in inflow velocity and the thrust requirement for each flight condition suggests varied blade shapes, such as chord and twist.
The blade twist of XV-15 rotor aircraft was obtained through linear interpolation of twist between ideal rotor and propeller by a compromise analysis (McVeigh and Rosenstein, 1983) . Although this trade-off solution provided an acceptable performance on XV-15, the stiff rotor with certain twist cannot maximize the overall efficiency. In the early 1980s, the study of passive blade twist control was started to improve the performance of rotor. The extension-twist coupling blade was applied on XV-15 rotor in two designs (Bauchau et al., 1983) . This approach provided torsion for the improvement of rotor http://dx.doi.org/10. 1016/j.jfluidstructs.2015.01.008 2. Optimum blade twist rates in each flight mode Incorporated into a database of airfoil characteristics, a model based on Blade Element Momentum Theory is implemented to obtain the optimum blade twist rates for hover and forward flight. The BEMT is a method that combines the Blade Element Theory (BET) and Blade Momentum Theory (BMT) in order to estimate the inflow distribution (Leishman, 2006; Adkins, 1990) . In the classical approach of rotor analysis, lift polar is a linear function. To solve the BEMT equations, the blade should be numerically discretized into a series of small elements. In rotor mode, solution of induced flow ratio λ can be solved by Eq. (1) through a few iterations:
where λ is the inflow ratio, F is the Prandtl's tip-loss factor, r is the non-dimensional radius, dr is the non-dimensional length of each element, C l is the local lift coefficient and σ is the local solidity ratio. The BEMT model used for propeller mode includes the swirl induced velocity. The analysis procedure requires an iterative solution for the inflow angle at each radial position. The inflow angle ϕ is defined by
where V c is the inflow velocity, a and a ' are the interference factors respectively in the axial and swirl directions, Ω is the rotational speed and r l is the local radius.
Figure of Merit (FM) is used to compare the hovering efficiency of different rotors at the same disk loading. BEMT results can provide the total thrust coefficient C T and the total power coefficient C P by
where T is the thrust, P is the power, ρ is the density of the fluid and R is the blade radius. The FM in hover can be written as
By contrast, the propulsive efficiency of blade in forward flight can be expressed by
where λ 1 is the tip speed ratio (λ 1 ¼ V c =ΩR) and J is the advance ratio ðJ ¼ V c =N s DÞ. N s is the revolution per second and D is the blade diameter. The values of tip speed ratio λ 1 and advance ratio J are related by λ 1 ¼ J=π. The database of airfoil characteristics were obtained from XFOIL which is an airfoil design and analysis code based on vortex panel method (Drela, 1989) . BEMT model was validated using existing performance data of rotor and propeller (Bohorquez, 2007; Smedresman et al., 2011) . MAVion, a tilt-body MAV developed by ISAE, is designed to fly in both hover and forward flight. Table 1 exhibits the operation conditions of MAVion for both hover and forward flight. In order to obtain the optimum twist rates for hover and forward flight for a given thrust requirement, a matrix of blades with same chord and varied linear twist are analyzed and compared using the BEMT model. The blade geometry parameters are given in Table 2 . The Reynolds number based on the uniform chord and velocity at 0.75R is below 100 000. Thrust coefficient is adjusted by collective pitch for the five blades to reach the thrust requirements.As it can be seen in Fig. 1(a) , Figure of Merit (FM) increases with reducing blade twist in rotor mode. Low twist rate À 101 helps to improve the FM by 23%. Fig. 1(b) demonstrates that propulsive efficiency increases with increasing blade twist in propeller mode. High twist rate À 301 improves the propulsive efficiency by 17%. Hence, a flexible blade can improve the overall efficiency of rotor if it can realize the twist deformation for different flight modes. Finally, according to the mission requirement of MAVion, the solution of proprotor for MAVion is given in Table 3 .
Exploration of the flexible blade

Concept of Centrifugal Force Induced Twist
A deformable, durable and stable blade for small-scale rotor is characterized by the deformation, failure performance and dynamics behavior. To be specific, it is capable of deforming in terms of twist to adapt different flight conditions. Meanwhile, the deformation should be stable during the rotation. Moreover, it should be practical to be applied on MAVs without size problem. Besides, it can take the airloads without large blade bending. Finally, this adaptive rotor should have an acceptable fatigue performance. The initial step of the procedure is to select suitable reinforcing fiber for the laminate blade. The significant factor to select a reinforcing fiber for small-scale rotor is linked to its tailoring capacity. Glass/epoxy was determined for the flexible blade of small-scale rotor in current study. In order to improve the aerodynamic performance of flat plate at low Reynolds number, the thickness of laminate blade should be thin enough to provide a low thickness-tochord ratio (Hein and Chopra, 2005) . Thus, two typical laminate configurations are considered here, a symmetric laminate ½θ; θ T , and an antisymmetric laminate ½θ; Àθ T . A critical issue in the design of a laminate blade is failure analysis. The comparison of strength of Uni-Directional (UD) material and angle-ply laminates was described based on a typical carbon/ epoxy composite (AS4/3501-6) using first ply failure analysis (Daniel and Ishai, 1994) . All of the uniaxial tensile strength, uniaxial compressive strength and in-plane shear strength of the angle-ply laminate are evidently higher than those of the off-axis UD material. Thus, in current study, Antisymmetric laminate ½45; À 45 T . was employed as balanced laminates (Fig. 2) . The elastic constants of glass/epoxy are given in Table 4 , which are longitudinal Young's modulus E 1 , transverse Young's modulus E 2 , Poisson's ratio υ 12 and shear modulus G 12 .
A concept of Centrifugal Force Induced Twist (CFIT) was proposed for the adaptive rotor. In CFIT flexible concept, tip mass is designed to provide the nose-down twisting moment and produce the torsion of laminate blades. Fig. 3 demonstrates the tip mass which can slide in the chordwise direction at blade tip. The concept of CFIT for adaptive rotor is described in Fig. 4 . The blade is rotating in the anti-clockwise direction at a rotational speed Ω. A position factor k is used to define the position of tip rod in the chordwise direction at blade tip. The length of tip rod is represented by L. There is a mass element dm on the rotating blade which can generate a certain centrifugal force F C . It has a component in the chordwise direction of blade. The component tends to flat the blade cross section with an initial pitch angle θ. This is the method of CFIT blade generating torsion. At any local section of blade, the total centrifugal force and total nose-down moment are defined (Sicard, 2011) :
where R is the rotor radius, Ω is the rotation speed, m x is the local mass of laminate blade and m T is the tip mass.
x corresponds the spanwise coordinate while y represents the chordwise coordinate. In addition, θ is the local twist angle Table 4 Elastic constants of E-glass/epoxy. and θ T represents the twist angle at the blade tip. I θ is the torsional moment of inertia of the blade and I T is the torsional moment of inertia of the tip rod. The torsional moment of inertia of the blade I θ can be expressed by
where C is the chord of blade, ρ B is the density of it and t B is blade thickness. The torsional moment of inertia of the tip rod I T is defined as
where ρ T is the density of tip rod and s is the cross section area. For a given blade with a tip mass rotating at certain RPM, the nose-down pitching moment can be determined by Eq. (8). This nose-down pitching moment will be used to estimate the blade torsion generated during rotation.
Torsion estimation
The Classical Lamination Theory (CLT) demonstrates that, for a general composite laminate, the forces and moments on it are related to the strains and curvatures at reference surface: ; ð11Þ
where the 6 Â 6 matrix consisting of the components A ij , B ij and D ij (i,j¼1, 2, 6) is laminate stiffness matrix, is also called ABD matrix (Daniel and Ishai, 1994) . In order to be able to obtain the strains and curvatures at the reference surface in terms of the force and moment resultants, the inverse of Eq. (11) ; ð12Þ
where the 6 Â 6 matrix consisting of the components a ij , b ij and d ij (i,j¼1, 2, 6) is laminate compliance matrix. With respect to torsion, it is given by the curvature:
where Since the nose-down pitching moment M ND is obtained, the torsion of rotating laminate blade can be calculated directly using Eq. (13). Fig. 5 shows the tip twist of rotating laminate blade with the variation of tip mass position at 1500 RPM. The torsion of adaptive rotor is generated at the reasonable level which is between 01 and À 301.
Global center of gravity of blade
To achieve stable operation of rotating blade, the elastic axis should be ahead of the aerodynamic center and the blade section center of gravity (CG) should be ahead of the elastic axis (Winston, 1968) . Pitch-flap flutter and divergence can be avoided if the global CG is ahead of the aerodynamic center (Sicard, 2011) . Furthermore, if the tip mass is not suitable to generate a certain nose-down moment and produce an optimum twist, it could cause an unwanted flow-induced vibration. Thus, there should be enough tip weight to adjust the global CG and generate nose-down moment. A large end mass is beneficial for adjusting the global CG and stabilizing the rotating flexible blade, but, it also decreases the weight efficiency of the MAVs. Hence, the compromise weight of tip mass is around 0.0637 N and in the same level of blade weight 0.0686 N.
According to the equilibrium of moment, the global CG position of laminate blade, expressed as the non-dimensional parameter ðy CG À y LE Þ=C, can be expressed as a function of position k, as defined in Fig. 4 . y CG and y LE are the global CG position and the leading edge, respectively. For the considered flat plate airfoil, the aerodynamic center location ðy AC Ày LE Þ=C is approximately equal to 0.25. When k is decreased (sliding the tip mass forward), the global CG position approaches the position of aerodynamic center. For k values lower than 0.3, the global CG is ahead of aerodynamic center (Fig. 6) . Therefore, the current tip mass can help in improving the stability of rotating blade.
Deformation behavior of rotating flexible blade
Laser displacement sensor rig
The small-scale rotor with flexible blades is shown in Fig. 7 . The bending and torsion distributions during rotation are considered as the blade deformation, since beneficial torsion can increase the overall performance while bending tends to decrease the thrust. In order to measure the deformation of rotating laminate blade, a LDS rig was developed, as shown in Fig. 8 . To avoid any disturbance on flow field, the two LDSs are fixed at an incidence angle to measure the blade deformation. They are driven by the tracking systems to scan the rotating blade from root to tip. KEYENCE LK-G502 LDS can record the distance from blade surface to a measuring plane when the rotating blade passes by laser beam. Finally, the data in spanwise direction and chordwise direction are used to reconstruct the shape of rotating blade.
The inflow for measurements in propeller mode was provided by a fan since it is not practical to mount LDS rig inside wind tunnel. The open fan has a diameter of 0.6 m. In order to evaluate the homogeneity and turbulence intensity of the inflow, a Particle Image Velocimetry (PIV) system was used for the downstream station (2.5 m away from the fan outlet). The sampling frequency was 2 Hz and the number of image pairs was limited to 100. Fig. 9 shows the axial velocity distribution along the radius at varied controlling frequencies. The maximum difference of the axial velocity was found to be 16.3%. Over the range of test configurations, the spatial average value of turbulence intensity was approximately equal to 17.3%. The turbulence intensity is clearly higher than conventional wind tunnels. On one hand, the inflow with high turbulence intensity provided by the fan must cause the unsteady effect of airloads on the rotating blade. On the other hand, the experiments still reveal the essential airload phenomena.
Optical sensor OPTEC OPB608V is a reflective switch which allows the user to observe the pattern shining on a reflective object and provide RPM signal. High torque brushless motor AXI 2808/24 was used in experiments. The voltage range is from 4 to 10 cells and the maximum loading of it is 22 A/30 s. The data from test rig was collected by the electronic data acquisition system. The hardware used for signal conditioning and data collection is National Instruments (NI) PCI 6251 board and NI BNC-2090 carrier box. NI PCI 6251 is a high-speed multifunction M series data acquisition (DAQ) board optimized for high accuracy at fast samplings. A custom program for the tests was developed based on Labview8.6. There were 10 000 samples per second in all tests for each channel.
Based on the mission of MAVion and its optimum proprotor (Tables 1 and 3) , the collective pitch 351 was selected for the rotor mode tests while 551 was used for the experiments in propeller mode. Besides, high collective helps in generating a relatively large torsion in propeller mode. In rotor mode, the blades were tested to explore the RPM effect on deformation. Inflow velocity 8 m/s, in propeller mode, was used to examine if the flexible blade can take airloads without a large negative bending. RPM range in propeller mode was found to be limited by the capacity of the motor. The tip mass position was selected as 0.25 to ensure CG is ahead of aerodynamic center. The full configuration of measurements is summarized in Table 5 . Fig. 10 demonstrates the process of blade reconstruction. LDS records the coordinate z in the direction of height which is the distance from the blade surface on the measuring plane. RPM signal on motor rotation is obtained by optical sensor. Then, they are averaged in time domain as the corrections. After the correction of RPM, the polar coordinate based on mean rotational speed are transferred to Cartesian coordinate x along spanwise direction and y along chordwise direction to the measuring plane. Combining the coordinate x, y and z, a polynomial surface fitting is performed to obtain the time-averaged shape of rotating blade. After the transformation of surface from measuring plane to reference plane, the real bending and torsion of rotating blade can be obtained. The coordinate x and y are calculated by local radius of each scanning, rotational speed and sampling time:
Shape reconstruction and errors
where t is the sampling time. In order to obtain the measurement precisions of coordinate x and y, the Kline-McClintock method was used (Kline and McClintock, 1953) . The precisions of coordinate x and y are defined by 
where U r l is the uncertainty of the local radius, U Ω is the uncertainty of the rotational speed and U t is the uncertainty of the sampling time. Considering the RPM signal as the error source, the measurement precisions of coordinate x and y can be obtained based on the precisions of rotational speeds. In the experiments, the detecting range of LDS was from À 250 mm to þ500 mm. According to the specification of LDS, the measuring accuracy of coordinate z is 70.1% of Full Scale. The multiple regression based on 3rd Â 3rd polynomial equation to predict z from x and y has the general form:
where p ij (i,j ¼0, 1, 2 and 3) are the unknown coefficients. Writing Eq. (18) in the matrix form and leaving parameter vector P at left side:
where Z is observation vector and M is design matrix. With knowing the coordinate x, y and z of blade surface, parameter vector P can be obtained, including residual vector. The coordinate defined to a reference plane can be obtained by transforming the coordinate on measuring plane, as shown in Fig. 11 . All of the coordinate is transformed by a rotation matrix. Based on the coordinate x', y' and z' on reference plane, the exact bending and torsion of rotating blade can be obtained. In Fig. 12 , an example is to show the shape reconstruction of a blade with complex shape. This is compared to the CAD model of the blade to get a good assessment of the reconstruction and the potential of this type of measurement.
The tests on the blade were used to validate the measurement method and the post-processing algorithm.
Fluid Structure Interaction model
In cross-sectional analysis of the blade, followed by a one-dimensional finite element of a proprotor blade. BECAS (Blasques and Lazarov, 2012) , a cross-sectional analysis tool which is developed at Denmark Technical University (DTU) was incorporated in this structural analysis program. The motivation of employing BECAS in this two-step structural model is due to the fact that BECAS has ability to determine the cross section stiffness properties while accounting for all the geometrical and material induced couplings. These properties are also consequently utilized in the development of beam models to accurately predict the response of proprotor blades with complex geometries and made of advanced materials. As the blade is modeled as a rotating, cantilever Timoshenko beam, featuring flapwise bending -lagwise bendingtorsion coupling, of arbitrary cross section and span, hence, expression of the elastic energy and kinetic energy of the beam element considering centrifugal force effect employed in the one-dimensional beam model is depicted in this section. By the consideration of coupling bend twist features, a wide range of structures can be then analysed. However, the blade with rectangular planform made up of laminated composite material is a focus in this study.
The detailed procedure of FSI model is shown in Fig. 13 . The basic geometry (zero deflections) is assumed at the beginning. Then the structural model calculates the blade deformations under airloads and centrifugal loads. The deformed blade shape is used to update the aerodynamic model. The quasi-steady aerodynamic loads are computed for the update geometry, using the 2D aerodynamic theory based on BEMT. The aerodynamic loads are transferred to the beam nodes as concentrated forces. A new structural analysis is performed to calculate the deformed shape of the blade under the influence of aerodynamic and centrifugal loads. The variation of the blade twist angle along the blade is monitored for convergence. The interaction is repeated until equilibrium between deformation and loadings is achieved. In the structural model, the deformation is solved based on stiffness matrix. As a nonlinear consideration, the stiffness of each element changes during the deformation process, which is updated through the cross sectional analysis tool BECAS. After convergence the rotor performance characteristics are computed. The approach described above was applied to the constant chord untwisted 2-bladed system for small rotor made of laminate composite. The deflection results in two basic modes of deformation: bending and torsion.
Results and discussion
The measurement precisions of the coordinate x and y for blade reconstruction based on 3rd Â 3rd polynomial surface are shown in Figs. 14 and 15. The coordinate x of case P1 exhibits overall high precisions. This also happens to the precisions of coordinate y of case P1. Since RPM signals are responsible for the precisions directly, the repeatability of rotational speed decreases with increasing RPM, as shown in Table 6 . Fig. 16(a)-(c) demonstrates the residuals of each surface fitting. The values near blade root (x ¼30 mm) are high for all cases, since the surface fittings are mostly based on the LDS data acquired from blade surface instead of those at blade hub. In case P1, the high residuals are probably due to the dynamic vibration of rotating blade. Goodness-of-fit statistics in each case were used to evaluate the fitting quality, as shown in Table 7 . cases (Fig. 16 ). This could indicate that the rotating blade has strong vibration behavior in propeller mode. The main reason to explain this phenomenon is that, at low RPM, tip mass induced torsion is small and therefore the propeller works in offdesign points and partially operates in stalled condition with separated flow induced vibration. Fig. 17 shows the reconstructed blades rotating in rotor mode and propeller mode. The typical positions of blade were marked, such as blade root, blade tip, Leading Edge (LE) and Trailing Edge (TE). The data on blade hubs were eliminated and left blank areas. The blades rotate in the anti-clockwise direction along Z axis. The color bar represents the height of blade. As it can be seen, all of three blades generated different levels of deformations. Fig. 18 gives the views of cross sections of the reconstructed blades. The slope ratio of blade tip is lower than the counterpart of blade root. It indicates the negative torsion occurred on the flexible blade. In cases R1, R2 and P1, the incidence angles at root are 32. 51, 32.81 and 51.71, respectively torsion distributions of rotating blade in each case. The experimental results were plotted with 95% confidence bounds of the fittings. In rotor mode, from case R1 (1100 RPM) to case R2 (1300 RPM), the tip bending from measurements decreased from 6.6 mm to 2.8 mm due to the centrifugal stiffening effect (Figs. 19(a) and 20(a) ). By contrast, the experimental results show the tip torsion increases from À 5.41 to À 7.61 caused by a high nose-down pitching moment from increasing RPM (Figs. 19(b) and 20(b) ). FSI model also reveals this phenomenon between cases R1 and R2. According to the results of experiments and FSI model, in case P1 (Fig. 21(a) ), even RPM is only 800 (low RPM has no strong stiffening effect), the bending still is lower than case R1 (Fig. 19(a) ). This is because of the inflow airloads acting on the blade. The tip torsion is only À 2.41 since there was no adequate nose-down pitching moment in this case (Fig. 21(b) ). The large bounds of experimental results in case P1 are probably from the unsteady effect of airloads. As discussed above, the low RPM cannot produce the desired optimum twist for propeller mode. Hence, the propeller works with some stalled airfoil sections and the separated flow could induce the blade vibration. The results show CFIT blade is capable of producing the variable and beneficial torsion for two flight modes. However, the desired torsion did not reach according to the optimum twist rates which are À 101 for hover and À301 for forward flight respectively, especially in propeller mode. FSI model is capable of providing the same trends with the measurements. It was found that FSI model always over predicts the torsion for all of the cases. Actually, at blade tip, an aluminum tube was enclosed in the carbon fiber/epoxy assembling with the glass/epoxy blade (Fig. 7) . The additional part should increase the local torsional stiffness of glass fiber/epoxy blade. Since it is difficult to find the torsional stiffness of the flexible proprotor blade theoretically, we assume that the blade in FSI model is purely made up of glass fiber. The torsional stiffness of the flexible blade is expected to be obtained experimentally. Besides, the difference could be from the aerodynamic model. For example, if the operation condition of rotating blade is at off-design points, the accuracy will decrease due to the non-streamlined flow. Furthermore, even accurate 2D airfoils characteristics are used, but it is not capable of considering the 3D rotating effect. And the rotating effect could change the stall behavior of the sectional airfoil.
Conclusion
An aerodynamic model was developed to study the twist effect for hover and forward flight based on BEMT method. The results show low twist is beneficial for hover while high twist is helpful for forward flight in terms of aerodynamic efficiency. A CFIT flexible blade was proposed for small-scale rotor to increase the overall efficiency in aerodynamics. The tip mass was carefully selected to improve the stability of rotating flexible blade and provide nose-down pitching moment for a negative torsion. CLT model was used to examine the CFIT concept. The result indicates CFIT blade has the possibility to produce the desired torsion. A LDS rig and corresponding post-processing method were developed to reconstruct the rotating blade. Experimental results show that, in rotor mode, with increasing RPM, the bending decreases due to the centrifugal stiffening effect. By contrast, the increasing centrifugal nose-down moment increases the blade torsion. In hover, the maximum value of blade tip torsion is À 7.61, which is close to the desired value of À 101. In propeller mode, the flexible blade can take airloads without large negative bending. However, due to the limitation of RPM, the tip torsion is only À2.41 for forward flight. The deformation did not achieve the desired tip torsion of À 301. FSI model gives the same trends with experimental results. The LDS rig is capable of measuring the deformation even for a small-scale blade. The CFIT blade can produce variable and negative torsion for two flight modes. In order to achieve high tip torsion in forward flight, the deformation tests at a high RPM is expected in propeller mode.
